Agrobacterium tumefaciens is a soil bacterium capable of transferring DNA (the T-DNA) to the genome of higher plants, where it is then stably integrated. Six T-DNA inserts and their corresponding preinsertion sites were cloned from Arabidopsis thaliana and analyzed. Two T-DNA integration events from Nicotiana tabacum were included in the analysis. Nucleotide sequence comparison of plant target sites before and after T-DNA integration showed that the T-DNA usually causes only a small (13-28 bp) deletion in the plant DNA, but larger target rearrangements can occur. Short homologies between the T-DNA ends and the target sites, as well as the presence of filler sequences at the junctions, indicate that T-DNA integration is mediated by illegitimate recombination and that these processes in plants are very analogous to events in mammalian cells. We propose a model for T-DNA integration on the basis of limited base-pairing for initial synapsis, followed by DNA repair at the junctions. Variations of the model can explain the formation of filler DNA at the junctions by polymerase slipping and template switching during DNA repair synthesis and the presence of larger plant target DNA rearrangements.
Agrobacterium tumefaciens can infect most dicotyledonous plants at wounded sites, causing a neoplastic disease called crown gall. This transformation is the direct result of the transfer of a particular DNA segment, the T-DNA, from the bacterial tumor-inducing (Ti) plasmid to the plant nuclear genome, where the integration and expression result in the crown gall phenotype (for reviews, see Zambryski 1988; Gheysen et al. 1989 ). In contrast to transposons that can move repeatedly, the T-DNA, once integrated, is stable. This reflects the fact that the T-DNA does not encode the products that mediate its movement. Some constitutively expressed genes of the A. tumefaciens chromosome are involved in bacterial attachment to plant cells, but most of the identified trans-acting proteins needed for T-DNA transfer are encoded by the virulence [vir] region, a segment on the Ti plasmid outside the T-DNA. Except for the virA gene, the other vir operons are induced in response to specific phenolic compounds excreted by wounded plant cells. The 24-bp direct repeats that flank the transferred DNA in the Ti plasmid are the only T-DNA sequences important for efficient mobilization to plants. These "border" sequences are functionally not equivalent; the right border repeat is absolutely required in cis for T-DNA transfer, whereas the left repeat merely acts as a boundary beyond which DNA sequences are normally not transferred.
After nicking of both 24-bp repeats by the VirDl topoisomerase and VirD2 endonuclease protein complex, a linear single-stranded T-DNA (T-strand) is released by strand displacement DNA synthesis. This T-strand is considered the intermediate that is transferred from A. tumefaciens to the plant cells (Howard and Citovsky 1990) . It is associated with proteins that would protect the DNA molecule from degradation during the whole transfer process (Diirrenberger et al. 1989 ). The VirE2 protein, which is a nonspecific single-stranded DNAbinding protein (Christie et al. 1988; Citovsky et al. 1988; Das 1988) , would coat the length of the T-strand, whereas the VirD2 protein has been found to be covalently attached to the 5' end, that is, the right end, of the T-strand (Herrera-Estrella et al. 1988; Young and Nester 1988) . The asymmetrical binding of the VirD2 protein to the right end of the T-strand and its possible function as a plant nucleus-targeting pilot protein (Herrera-Estrella et al. 1990 ) are consistent with the importance of the right border repeat in the T-DNA transfer process. The analogies between the T-strand/protein complex formation and bacterial F plasmid conjugation have led to the formulation of a model for T-DNA transfer to plant cells (Zambryski 1988) .
In contrast to the progress made in understanding the molecular events of the transfer process, we know little about the mechanism of T-DNA integration into the plant chromosomes. In situ hybridization (Ambros et al. 1986 ) and genetic mapping (Chyi et al. 1986 ) demonstrated that T-DNA insertions can occur in any chromosome. More recently, T-DNA tagging experiments have revealed preferential integration into transcriptionally active plant DNA loci (Koncz et al. 1989; Herman et al. 1990 ). The ends of T-DNA inserts map within or nearby the 24-bp repeats and are fused to different plant DNA sequences (Simpson et al. 1982; Yadav et al. 1982; Zambryski et al. 1982; Holsters et al. 1983; Kwok et al. 1985; Koncz et al. 1989) . During this long period of analysis, only one integrated copy has been studied in detail (Gheysen et al. 1987) , and more sequence data were necessary to generalize the conclusions drawn. In this paper we present data on six Arabidopsis thaliana DNA target sequences prior to and after T-DNA integration. We propose a general model for T-DNA integration that is based on illegitimate recombination in plants.
To simplify the procedure of isolating T-DNA clones, transgenic A. thaliana plants were made that contained a bacterial kanamycin resistance (Km^) marker in the T-DNA (Fig. IC) . Cloning of DNA restriction fragments from these transgenic plants in the multicopy vector pGem2 allows selection of T-DNA clones in Escherichia coh on kanamycin-containing medium (see Materials and methods). T-DNA clones isolated from the lines RUG-AT3, RUG-AT4, and RUG-AT6 were named pAT3, pAT4, and pAT6, respectively. The two T-DNA insertions cloned from RUG-ATS were named pAT5 and pAT5' ( Table 1) .
Results

Isolation of T-DNA clones from transgenic A. thaliana plants
A. thaliana transgenic lines were obtained after Agrobflcterium-mediated leaf disc transformation using the T-DNA vectors pGSH1166 or pGSFR1161 (Fig. 1) . One plant line of each transformation was retained for further analysis and cloning of the T-DNA insertions. The single T-DNA of the RUG-AT2 line was isolated from the RUG-AT2 genomic library (Materials and methods) using probe A (Fig. lA) and was subcloned into pGem2 resulting in pAT2. Sequence analysis demonstrated that the RUG-AT2 T-DNA insertion has an intact right border but is truncated between the Hindlll and Sail sites downstream from the hpt-coding sequence (Fig. 1 A) . The absence of the polyadenylation signal (3' ocs] docs not have a significant effect on hpt expression, probably because of fortuitous polyadenylation in the flanking plant DNA sequences (Dhaese et al. 1983; Ingelbrecht et al. 1989) . The RUG-AT 10 line transformed with the pGSFR1161 T-DNA (Fig. IB) showed a complex Southern blot pattern when hybridized to probe B (data not shown). The RUG-ATI0 genomic library was screened with probe B, and a 6.5-kb £coRl fragment with an intact T-DNA insertion was subcloned into pGem2, resulting in pATlO.
Identification and cloning of T-DNA target sequences
Hybridization of wild-type Arabidopsis DNA with flanking plant DNA from any of the isolated T-DNA clones revealed single fragments, indicating that all cloned T-DNAs had integrated in unique plant DNA (data not shown). The same probes were then used to isolate the plant targets from the genomic library (Materials and methods). Fragments containing the integration sites, as deduced from hybridization to left and/or right T-DNA :: plant junction probes, were subcloned from the purified phages into pGem2. These target clones were named pTTX for T-DNA target and X corresponding to the number of the T-DNA clone (Table 1) . Two additional target clones, obtained from Nicotiana tabacum, arc also listed in Table 1 ; pTTl has been analyzed previously (Gheysen et al. 1987) , and pTT7 was isolated as described in Table 1 .
Sequence analysis of the T-DNA ends
The sequence of all T-DNA :: plant junctions from the pAT clones (Table 1 , column 4) was determined. Figure 2 shows the position of the T-DNA ends within the octopine Ti plasmid sequence. When the junction is at a position where the plant and T-DNA show one to several nucleotides of homology, a bracket indicates the region Figure 1 . Schematic representation of the T-DNA regions. pGSH1166, pGSFR1161, and pGVP246 are described in Van Lijsebettens et al. (1991) . The T-DNA is flanked by the left (LB) and right (RB) octopine border sequences. Only some restriction sites are indicated. P, and P2, PTRI ^i^d P7-R2' , dual promoters, [hpt] Hygromycin phosphotransferase; 3'ocs, 3' region of the octopine synthase; [nptll] neomycin phosphotransferase II; (bar) phosphinothricin acetyltransferasc; (P" and 3'n] promoter and 3' region of nopaline synthase, respectively; gene 2 encodes an indole acetamide hydrolase; [Km'^ (Tn903)] kanamycin resistance gene from the transposon Tn903 (Oka et al. 1981) . Bars under the maps represent fragments used as probes A and B. (LB) Left T-DNA border; (RB) right T-DNA border. ^ See Fig. 1 . ^ As determined by Southern analysis. ' 'Zambryski et al. (1982) . ' Holsters et al. (1983) .
• Gheysen et al (1987) . ' Because cglOl hybridized to a 1.7-kb £coRI fragment from untransformed tobacco plants, pTT7 was isolated from the sublibrary with 1.2-to 2.5-kb fcoRI inserts as described in Gheysen et al. (1987) . Attempts to identify the corresponding T-DNA RB in the W38LGV21 tumor using pTT7 as a probe were unsuccessful.
gies are found between plant DNA and T-DNA outside of the breakpoints, that is, in the T-DNA sequences that are deleted at the final junctions. In addition to the 158-bp target (pTTl) duplication described previously (Gheysen et al. 1987) , two newly analyzed T-DNA insertions were accompanied by larger target rearrangements. The pTT3 and pTT5 target clones, isolated using a left border probe, did not hybridize to the corresponding right border probes. This means
where the plant DNA and T-DNA must have joined. When the junction can be located unambiguously, an arrowhead is used. For comparison, other reported and some unpublished sequences are included in Figure 2 ; homologies between plant and T-DNA are not known in most cases, since the target sequences have not been isolated (except for b' and d', corresponding to the pTTl and pTT7 targets in Table 1 ). It is clear from these compiled data that the right T-DNA ends are clustered mainly around the first 3 nucleotides of the 24-bp repeat.
At the left, T-DNA endpoints are spread over the 24-bp repeat. Some T-DNA junctions, left end as well as right end, are located internally to the 24-bp repeats. Only one junction (indicated with c) is outside of the place of the nick, but since the target of this T-DNA insertion has not been cloned, the GG nucleotides at the junction could be plant DNA.
T-DNA integration is often accompanied by a small deletion in the plant DNA
Physical mapping of T-DNA and target clones (data not shown) indicated that T-DNA integration is usually not correlated with large rearrangements in the plant DNA.
The sequence data in Figure 3 , which are summarized in Table nopaline T-region. Figure 2 . Endpoints of the T-DNA after integration in the plant genome. The T-DNAs from the nopaline and octopine Ti plasmids are shown from left to right, with the 24-bp repeats boxed. The repeats are defined according to Van Haaren et al. (1988) . The nick generated in the bottom strand of the T-DNA occurs after the third nucleotide of the left and right repeats, and only sequences in between these nicks are normally transferred to the plant cell. Each arrowhead indicates the position of a sequenced T-DNA :: plant junction nearby or in the 24-bp repeat. When the target sequence is known, either arrowheads or brackets are used. Brackets indicate homologies between the T-DNA border and the plant sequence; the sequence between brackets is present at the junction and can be of plant, T-DNA, or mixed origin. AT with a number refers to the T-DNA clones described in this work and summarized in Table I Zambryski et al. (1982) ; {b', corresponding to target pTTl; Gheysen et al. 1987) ; (c) Simpson et al. (1982) Holsters et al. (1983) {d' corresponding to target pTT7); (e) Kwok et al. (1985) ; (/) Koncz et al. (1989) ; (g) Gheysen et al. (1990) ; [h] G. Gheysen et al., unpubl . data of a T-DNA right border clone isolated from the N. tabacum W38T37 :: Tn7-1 tumor (Holsters et al. 1982) ; (i) T-DNA insertion from A. thaliana RUG-AT50 (M. Van Lijsebettens, pers. comm.). 
(L) The presence of a small deletion could not be determined because of a large target DNA rearrangement; (S) identical nucleotides in plant DNA and T-DNA at the junction (the number is indicated in parenthesis), (F) filler DNA at the junction (size in nucleotides is given in parenthesis); (ND) not determined. ^ As listed in the last column of Table 1 . '' The T-DNA insertion in the pTTl target is also accompanied by a 158-bp target duplication (Gheysen et al. 1987) .
that the plant sequences flanking both ends of the T-DNA inserts in pAT3 and pAT5 are not adjacent to each other in the untransformed plant DNA. Southern hybridizations and polymerase chain reaction (PCR) analysis of the T-DNA insertion sites in the RUG-AT3, RUG-AT5, and untransformed Arabidopsis lines confirmed the target rearrangements to be present and not to be cloning artifacts. Because the pAT5 right border and the pTT5 target show common bands when used to probe Arabidopsis Southern blots (data not shown), the rearrangements carmot be larger than 1 to several kilobases. In the case of pAT3, the T-DNA insertion is most likely accompanied by a large (>3 kb) duplication of flanking plant DNA (data not shown).
No similarities can be found between the different target sequences. Several of them are AT rich (>70% AT compared to the average AT content of -60%), especially in the deleted stretches; however, other insertions, such as pAT2 and pAT4, are flanked by more GC-rich (>50% GC) plant DNA.
Inserted nucleotides (filler DNA) are common at the T-DNA junctions
Many of the analyzed T-DNA insertions contained filler DNA at one of their junctions ( Fig. 3; Table 2 ). This filler DNA consists of additional nucleotides different from the plant target and T-DNA sequences adjacent to the junctions. However, searches in more distal plant and T-DNA sequences revealed a possible origin for the filler DNAs (indicated in Fig. 3B with arrows or enclosing rectangles).
In pATlO, the 6 nucleotides at the right border are identical to a sequence 29 nucleotides internal in the T-DNA. pAT4 contains a 44-nucleotide-long filler at the right border, which is an inverted repetition of T-DNA sequences at the left border; this filler creates an extra Ncol site, which is indeed present in the RUG-AT4 transgenic plant (Southern analysis; data not shown). The 6 nucleotides at the left border of pAT6 are also found in the plant DNA 14 nucleotides from the junction. The 33-nucleotide filler at the left border in cg4 (target pTTl) is homologous to a sequence >200 bp farther in the plant target (Gheysen et al. 1987 ). The stretch of 10 nucleotides at the left border in cglOI (target pTTl) is partially homologous to a sequence in the Ti plasmid, 16 nucleotides to the left of the cglOl breakpoint.
The generation of most of these filler sequences can be explained by polymerase slippage or template switching during repair of the gaps at the junctions (see Discussion; Fig. 5B, below) .
Discussion
Most T-DNA endpoints are located in or nearby the 24-bp repeats
Seven T-DNA inserts were cloned from transgenic Arabidopsis plants, either by plaque hybridization or by selection in E. coli. Compared to the construction and screening of a phage X library, cloning an enriched plant DNA fraction in a multicopy plasmid followed by electroporation allows more rapid isolation of plant DNA genomic clones. Indeed, a small-scale preparation of DNA from a single Arabidopsis plant is sufficient, and the same method has been used successfully to clone genes from Nicotiana plumbaginifolia by colony hybridization (D. Herouart, pers. comm.). It is a valid alternative to the PCR, especially if relatively large genomic fragments have to be cloned.
Sequence analysis of the T-DNA :: plant junctions (Fig. 2) reveals that 10 of 14 of the T-DNA ends are located <10 nucleotides from the position of the border nick in Agrobacterium. Similar conservation of free DNA ends has also been found in extrachromosomally circularized SV40 molecules in monkey cells: 97% of the junctions had lost <15 nucleotides of the input termini. However, there is a clear difference between the left and right T-DNA ends, the right being clustered around the first 3 nucleotides of the 24-bp repeat. The wellconserved right T-DNA end supports the hypothesis that the VirD2 protein attached to the 5' end accompanies or even guides (Herrera-Estrella et al. 1988 , 1990 ) the T-DNA to the plant nucleus protecting the right border from degradation (Durrenberger et al. 1989) . Although the left T-DNA junctions show slightly more variation, all of them (except for the truncated T-DNA in pAT2) are located within 20 bp from the left repeat. Only left endpoints >250 bp remote from the left repeat could be counterselected in our system. This indicates that left T-DNA ends located 50-250 bp from the border repeat might not be as prevalent as reported earlier (Zambryski et al. 1982; Jorgensen et al. 1987) .
Illegitimate recombination in plants
From the detailed study of eight T-DNA insertions, we can conclude that T-DNA integrates into plant chromosomes by processes that are analogous to illegitimate recombination events in mammalian cells.
First, sequence analysis of eight T-DNA target sites has shown little sequence similarity between different integration sites of the T-DNA into plant chromosomes. The absence of well-defined target requirements is typical of nonhomologous recombination processes such as those involved in integration of viral or transfected DNA in mammalian cells (for review, see Roth and Wilson 1988) .
Characteristic of these processes is the presence of only small patches of homology at or nearby the junctions. Studies on the circularization of SV40 molecules in monkey cells has revealed that 1-6 complementary bases between single-stranded ends are sufficient for ligation directed by pairing of these homologies (Roth and Wilson 1986) .
Another similarity with illegitimate recombination in mammalian cells is the presence of additional nucleotides at the recombinant junctions ( Fig. 3; Table 2 ). About 10% of the junctions after SV40 circularization and of rearrangement junctions in nonimmune cells (compiled by Roth et al. 1989 ) contain 1-40 nucleotides of filler DNA. Of 13 T-DNA junctions, 5 (38%) in our study contain filler DNAs. This high frequency might simply reflect the small sample size or it might be typical for (certain types or states of) plant cells, as Bakkeren et al. (1989) also reported filler DNA at 30-40% of the junctions from circularized extrachromosomal T-DNA molecules recovered from plants early after transfer.
Further analogies to illegitimate recombination events in mammalian cells are the generation of either a microdeletion or the presence of larger target rearrangements. Small deletions in the target have been reported for hepatitis B virus (HBV) integration studied in primary hepatocellular carcinomas (e.g., Hino et al. 1989 ) and during integration of transfected DNA in primary fibroblasts (Mumane et al. 1990 ). Larger target rearrangements are reviewed in Roth and Wilson (1988) . Mumane et al. (1990) suggest that the difference between minor and major target rearrangements might be explained by differences in DNA recombination and stability in the different cell types studied.
Illegitimate recombination is basically a two-step process: DNA ends are first generated and then joined. For T-DNA integration, the ends of the T-DNA would be joined to plant chromosomal breaks. The T-DNA most likely enters the plant as a linear molecule (Zambryski 1988; Bakkeren et al. 1989) , and although circularization can occur in the plant cell (Bakkeren et al. 1989) , the substrate for integration is probably the linear form because the junctions to plant DNA are normally at or near the T-DNA ends (see Fig. 2 ). Only pAT4 has left border sequences linked to the right border, but since these sequences are complementary to the ones still present at the left junction, they cannot be derived from T-DNA circularization. Free ends within the plant DNA, which is the other substrate for the reaction, can be generated in a variety of ways such as errors during replication or repair, or nicks during exposure of single strands in transcription (Roth and Wilson 1988) . Several enzymes involved in these processes, such as topoisomerases I and II, are known to nick or break DNA. There are indications that T-DNA would preferentially integrate in transcriptionally active regions (Koncz et al. 1989; Herman et al. 1990 ). This could be explained by the higher likelihood of nicks in these regions, as well as the better accessibility of the target due to unraveling of the nucleosomes of transcribed DNA by comparison with tightly coiled, transcriptionally silent sequences (Patient and Allan 1989) . Also, irradiation of plant cells, resulting in single-stranded breaks, results in higher integration rates of foreign DNA (Kohler et al. 1989) .
A model for T-DNA integration
At present, there is no conclusive evidence whether the integrating T-DNA molecule is single or double stranded. If the T-DNA is transferred to the plant cell as a single-stranded DNA-protein complex, it must be converted into double-stranded DNA either before or during integration. Electroporation experiments into plant pro-
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toplasts suggest that single-stranded DNA can be rapidly converted into double-stranded DNA by plant enzymes (Rodenburg et al. 1989) . However, the fact that singlestranded DNA results in a higher stable transformation frequency might indicate that single-stranded rather than double-stranded DNA is the preferred substrate of integration (Rodenburg et al. 1989) . Most doublestranded DNA recombination models involve singlestranded overhangs after unwinding or exonucleolytic action (Lin et al. 1984) , or invasion of D-loops by singlestranded DNA (e.g., Meselson and Radding 1975) . Therefore, we will formulate a model for T-DNA integration emphasizing the single-stranded T-DNA ends, with the T-DNA body being either single or double stranded.
The model, as summarized in Figure 4 , is a modified version of the preliminary model that has been suggested earlier (Gheysen et al. 1987) . Besides the additional sequence data from more T-DNA insertions, we have also taken into account recent models proposed for HBV integration (Hino et al. 1989 ) and for insertion of a truncated LINE-1 element (Boccaccio et al. 1990 ). To keep the diagrams visually simple, T-DNA integration is shown at a nick that has become enlarged to a small gap by unwinding and 5' ^^ 3' exonuclease activity by host cell enzymes (step 1). Invasion of T-DNA could also be at nicks or breaks in a replication fork. The invading ends of the T-DNA would form a heteroduplex with the single-stranded target DNA in the gap (step 2). The small size of the final target deletion indicates that the ends of the T-strand are located close to one another at this time. This is symbolized by the "knot" in Figure 4 , which is omitted in Figure 5 for simplicity. The overhangs of the T-DNA ends are nicked and removed, and the T-DNA is ligated to the target ends (step 3a). The finding that the right border is more exact could be due to protection by the covalently attached VirD2 protein but could also suggest a VirD2-supported integration in some cases (step 3b). Indeed, VirD2 could be a multifunctional enzyme such as the cistron A protein that is covalently attached to the 5' end of (|)XI74 and has been shown to participate in nicking and strand separation as well as ligation (Eisenberg et al. 1977) . However, the transfer of the VirD2 protein, together with the T-strand to the plant nucleus, has yet to be proved. In any event, synthesis of the second strand of the T-DNA or repair of the gaps at the ends of a double-stranded T-DNA molecule is initiated by the introduction of a nick in the upper strand of the target providing a free 3' end (step 4). The different steps of the integration model are not necessarily executed in the strict order stated above; for example, the left border could integrate first and second strand synthesis could start before the right border is ligated to the target.
Variations on the model
Because the integrations of the analyzed T-DNA insertions mostly differ from one another, by the variation in the structure of the T-DNA ends or in rearrangements of the target DNA, we will try to explain all integration Step 1) A nick in the target plant DNA can be generated in a variety of ways and can then be converted to a gap by a 5' -» 3' exonuclease. ( Step 2) The T-strand invades the gap, and contacts between T-DNA ends and target are formed by partial pairing. The integrating T-DNA molecule could also be double stranded with single-stranded ends. ( Step 3a) The overhangs of the T-DNA ends are nicked and removed and the T-strand is ligated to the target. ( Step 3b] The right border (RB) could also be ligated with the help of the covalently linked VirD2 protein. The small homologies that promote initial pairing will either be present at the final junctions or deleted, depending on the location of the nicks. Repair on the free ends before ligation can generate filler DNA (see Fig. 5B ). ( Step 4) Synthesis of the second strand of the T-DNA is initiated by the introduction of a nick in the upper strand of the target followed by gap repair. If the T-DNA integrates as a doublestranded molecule, only the gaps at the T-DNA ends have to be repaired.
events by a modification of the general model in Figure  4 . First, although the majority of T-DNA ends in the plant are close to the 24-bp repeats, truncated T-DNAs missing either the left and/or right part occur with variable frequency (Gheysen et al. 1990 ). The short T-DNAs could be generated in the bacteria, could originate by breaks during or after transfer, or could be generated by the very mechanism of integration (Gheysen et al. 1990) . The truncated left border in pAT2 could be an example of the last hypothesis. In analogy with LI integration (Boccaccio et al. 1990) , annealing of an internal T-DNA sequence to homologies in the plant target followed by repair processes could generate a truncated T-DNA copy (Fig. 5A) . As has been argued by Roth et al. (1989) , filler DNA at recombinant junctions can be generated by a number of different mechanisms.
1. One source of filler DNA could be the addition of preformed blocks of nucleotides from elsewhere in the genome to broken ends ( Fig. 5B.1 ). The size of the block could vary from a small oligonucleotide sequence (Roth et al. 1989) to an Okazaki fragment (up to -300 bp; Nicholls et al. 1987 ). 2. Several filler DNAs (e.g., pATlO and pAT6) are part of a duplication jimction, typically produced by slip/mispair/repair processes described by Roth et al. (1985) .
Terminal homologies of 1-2 nucleotides between target and the invading T-strand (diamonds in Fig. 5B .2) would be enough to prime repair synthesis at the junctions after partial unwinding of the target. Slipmispairing (circles in Fig. 5B .2), followed by repair synthesis, leads to a small sequence duplication (rectangles in Fig. 5B .2).
The complex filler at the pAT4 right junction can be explained by a combination of polymerase slipping and template switching. The model in Figure 5B .3 is different from, but based on, the fold-back hypothesis of Papanicolaou and Ripley (1989) . The left border folds back close to the right border, finds homology in the target (a candidate 5-nucleotide homology is indicated with a bracket above the sequence in Fig. 3) , and is then used as a template for an abortive DNA synthesis. The left border folds back again, the ends are processed^ and the gaps repaired. In reality, as can be seen in Figure 3 , the filler DNA is still more complicated (indicated by the arrows) because a slip-mispair reaction of the polymerase should have occurred between the tgt repeats resulting in a duplication of 9 nucleotides. 4. The filler DNA at the cg4 left junction (target pTTl; Gheysen et al. 1987) might also be such a complex repair process using plant DNA as template, or could simply result from the insertion of a preformed fragment ( Fig. 5B.1 ). 5. The filler DNA at the left border in cglOl (target pTT7) is partially a repetition of a sequence located in the Ti plasmid 16 nucleotides to the left of the T-DNA junction. Because sequence data from the right border of this T-DNA insertion are not available, it is difficult to hypothesize an origin for the complete filler. However, mismatch repair of a heteroduplex between the AGCACTGCACA sequence of the target and the complement of AGCAATGAGTA from the T-DNA would explain the ATGAGTA part of the filler (Fig. 5B.4) .
Characteristic of the T-DNA insertion in the pTTl target (Gheysen et al. 1987 ) was a 158-bp plant DNA duplication flanking the T-DNA. Also the pAT3 T-DNA insertion is probably flanked by a large plant DNA duplication. A duplication of the target is possible when the T-DNA integrates at a staggered nick or when integration occurs at breakpoints between sister chromatids within a replication bubble (see Fig. 5C ), as postulated by Wilkie and Palmiter (1987) . T-DNAs arranged in tandem or inverted repeats could be the consequence of end ligation of T-DNA copies before insertion, but the inverted repeats are more likely due to strand switching during repair at the T-DNA ends (Jorgensen et al. 1987 ).
The proposed model does not exclude the occurrence of other large chromosomal rearrangements, including large deletions or inversions of plant target DNA. These can happen when free plant DNA ends are fused to other plant DNA nicks before T-DNA invasion or during repair of the junctions. In conclusion, T-DNA integration seems to be a typical example of illegitimate recombination in plants with variations on a general model as a consequence of the versatile process of end joining and repair.
Materials and methods
Isolation and characterization of transgenic A. thaliana plants
Transgenic A. thaliana C24 plants were obtained from M. Van Lijsebettens (Van Lijsebettens et al. 1991) . C24, Tl, or T2 plants were grown in soil after germination in vitro. DNA was prepared from these plants as described by Dellaporta et al. (1983) for all Southern analyses and for cloning from the RUG-AT6 line and as described by Pruitt and Meyerowitz (1986) for all other cloning experiments. Southern hybridizations were performed as described previously (Gheysen et al. 1990) . PCR was done as described by Saiki (1990) .
Construction and screening of phage A genomic libraries
Genomic libraries were constructed from the RUG-AT2 and RUG-ATIO lines as described by Krebbers et al. (1988) . The RUG-AT2 genomic library, made from a pool of hemizygous and homozygous T2 plants, was used to clone all target plant DNA sequences described in this work. Plant DNA fragments flanking the T-DNA insertions at the left or right border were used as probes. About 10^ pfu were screened, and depending on the probe, 3-15 target candidates hybridized, except for probes from pAT5' that gave no positive plaques in repeated screenings. Positive phages were purified and different DNA digests from minipreparation (Kao et al. 1982) were analyzed by hybridization to several probes.
Electroporation and selection in E. coli of recombinant plasmids containing A. thaliana T-DNA inserts
A size fraction of digested plant DNA (150-350 ng) was ligated to 0.1-1 |xg pGem2 (Promega), cut with Hindi or Xbal, and dephosphorylated. On the basis of Southern analysis of the T-DNA inserts, the following digests and size fractions were used: RUG-AT3 Hpal (-16 kb), RUG-AT4 Xbal (-10 kb), RUG-AT5 Xbal (7-20 kb), and RUG-AT6 Xbal (8-12 kb and -20 kb). DNA was isolated from 0.8% agarose gels by centrifugal filtration (Zhu et al. 1985) . The ligations were phenolized, precipitated, resuspended in 10 M-1 H2O, and dialyzed on VSWP01300 filters (Millipore) against distilled water. If necessary, the volume was decreased by Speedvac centrifugation.
Electroporation in the E. coli strain MCI061 (Casadaban and Cohen 1980) was performed using the Gene Pulser apparatus from Bio-Rad according to the manufacturer's advice, resulting in 1 X lO'' to 5 X 10'" triacillin-resistant clones. By selection of the total transformation mixture on 25 ^lg/ml of kanamycin, 3-79 Km*^ colonies were obtained, depending on the experiment. The Km"^ colonies were characterized by restriction and Southern analysis.
Plant DNA from a minipreparation on only 2 grams of plant material was used to clone the T-DNA insert(s) from the RUG-AT6 line. Of the 55 Km'^ clones obtained from RUG-AT6, 12 were analyzed; 9 had a 10-kb Xbal insert (pAT6) and the other 3 were contaminants.
Subcloning and sequencing
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